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SEMLAmAL PROGRESS REPORT NO. 5 
ON 
MICROWAVE DEYICE IlWESTIGATIONS 
1. General Introduction (G. I. Haddad) 
This report  covers the  work performed during the  period October 1, 1968 
t o  Apr i l  l9 1969. A b r i e f  descr ipt ion of the  work performed during t h i s  period 
a s  w e l l  as the plans fo r  t he  coming period a re  described below. 
The tasks  which were continued from the  previous period and t h e i r  
status a re  as follows: 
a.  Beam-Plasma Interact ion f o r  Amplification and -Harmonic Generat ion. - -  -
The work under t h i s  phase of the  program consisted of two par t s .  
was concerned with amplification, harmonic generation and coupling schemes 
i n  a beam-plasma system. It was performed by G. T. Konrad and J. E. Rowe. 
This work has been completed and a technical  report  describing it has been 
issued. M r .  Konrad did t h i s  work fo r  h i s  Ph.B. d i s se r t a t ion  and he is  
presently a t  M.I .T .  Lincoln Laboratory. An abs t rac t  of h i s  d i s se r t a t ion  
f o l l o w s ~  
The f i rs t  
The purpose of t h i s  study i s  t o  invest igate  both theo re t i ca l ly  and 
experimentally the  sa tura t ion  charac te r i s t ics  of beam-plasma devices. The 
gain, power output, eff ic iency and the magnitude of t he  higher harmonic 
components t h a t  per ta in  t o  such devices a re  of pa r t i cu la r  i n t e re s t .  
The geometry t r ea t ed  i n  t h i s  study consis ts  of a cy l indr ica l  plasma 
column which serves as a slow-wave c i r c u i t  along which electromagnetic energy 
can propagate. A cy l indr ica l  e lectron stream is  assumed t o  be concentric 
with the plasma column., Amplification of an RF s igna l  takes place when a 
f r ac t ion  of the  k ine t ic  energy of the stream electrons is  converted in to  RF 
wave energy, 
The plasma is  assumed t o  remain l inear during the  in te rac t ion  process 
so t h a t  it is possible t o  derive an equivalent c i r c u i t  fo r  which the  various 
elements a re  given i n  terms of the plasma parameters. 
co l l i s ions  a re  included i n  the  analysis  and give r ise t o  lossy elements i n  
the  equivalent c i r c u i t .  The e lec t ron  stream is  shown t o  become nonlinear 
much more e a s i l y  than the  plasma so t h a t  it is j u s t i f i a b l e  t o  t r e a t  only 
the  stream in  a nonlinear fashion. A Lagrangian ( b a l l i s t i c )  analysis  i s  
used t o  calculate  the t r a j e c t o r i e s  of the various charge groups in to  which 
the  electron stream is subdivided. One- as w e l l  as two-dimensional stream 
models a re  used. 
charge group t r a j e c t o r i e s  and the  RF currents  and c i r c u i t  voltages of the  
fundamental s igna l  and i t s  harmonics generated by the  nonlinear operation. 
Intermodulation and cross-modulation e f f e c t s  i n  multisignal operation a r e  
a l s o  studied. 
Beam and plasma 
A d i g i t a l  computer is employed t o  calculate  both the  
An experimental t e s t  vehicle i s  described which permits correlat ion 
of the theore t ica l ly  calculated r e s u l t s  with those obtainable from an 
ac tua l  beam-plasma interact ion.  A xenon plasma column 10.5 cm long is  
generated by e i t h e r  a hot cathode Penning discharge or by ionizat ion due t o  
the  beam electrons passing through t h e  xenon gas. 
as high as 35 dB i n  the  v i c i n i t y  of 2.0 GHz a r e  obtained experimentally by 
the  l a t t e r  scheme. Harmonic components through the  f i f t h  are observed with 
the  second harmonic being only 5 dB below t h e  fundamental under ce r t a in  
conditions. When co l l i s ion  e f f ec t s  a r e  taken in to  account i n  the  theo re t i ca l  
calculations,  it i s  shown t h a t  the  agreement with the  experimentally observed 
values i s  qui te  good fo r  the cases t h a t  can be compared. 
Values of e lec t ronic  gain 
Coupling of RF energy in to  and out of t he  beam-plasma device i s  
considered i n  d e t a i l  t heo re t i ca l ly  and experimentally, Short sect ions of 
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a slow-wave s t ruc ture  outside of the  plasma region are used i n  the  device 
under t es t  f o r  much of the experimental work. 
making use of quasi-optical  techniques is a set  of e l l i p t i c  cavi ty  couplers. 
These are found t o  y i e ld  $ coupling loss of only 10 t o  15 dB per coupler 
over a frequency range of s l i g h t l y  grea te r  than 20 percent i n  the low 
S-band frequency region. 
most other methods employed previously. Ef for t s  t o  use these couplers 
f o r  RF amplification measurements a re  shown t o  be unsuccessful due t o  
cathode poisoning a t  the  higher gas pressures required.”  
Another coupling scheme 
This coupling approach i s  much less lossy than 
The second pa r t  i s  concerned with a theo re t i ca l  evaluation of the  d i s -  
persion 
This work i s  being performed by J. D. Gillanders and R. J. Lomax. M r .  
Gillanders is doing t h i s  work fo r  h i s  Ph.D. disser ta t ion ,  This work has 
been completed ana 8 technical  report  describing it i s  presently being 
prepared, It should be completed i n  the near future .  
re la t ions  f o r  beam-plasma in te rac t ion  under more r e a l i s t i c  s i t ua t ions ,  
b. - Electron-Beam - Harmonic I n s t a b i l i t i e s :  The corkscrew 
magnetic f i e l d  arrangement f o r  producing transverse ve loc i t ies  i n  an electron 
beam has been evaluated fur ther  and some r e s u l t s  a r e  reported. 
i n s t a b i l i t i e s  w i l l  be  performed durFng the  coming period. 
A study of 
- e. Millimeter- & Submillimeter-Wave Detectors: The paramagnetic 
downconverter has been evaluated a t  l i qu id  nitrogen temperature and a noise 
equivalent power of approximately -90 d B m  has been achieved so far. 
f o r  improving t h i s  and an evaluation of t he  detector  a t  l i qu id  helium 
temperature w i l l  be performed during the  coming period. 
Schemes 
The work on bulk semiconductor materials f o r  use a t  millimeter wave- 
lengths was continued during t h i s  period. A t heo re t i ca l  f i e l d  formulation 
f o r  a semiconductor sample i n  a cavi ty  was performed. This is e s s e n t i a l  f o r  
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t he  measurement of semiconductor propert ies .  
work on the  u t i l i z a t i o n  of bulk semiconductor materials fo r  millimeter-wave 
detect ion and harrponic generation w i l l  be continued during the  coming period. 
The theo re t i ca l  and experimental 
The new tasks which were i n i t i a t e d  during t h i s  period include the 
following : 
- 1. Millimeter-Wave -__I Gunn-Effect Devices:: This phase of the  program is 
presently concerned with a theo re t i ca l  formulation of the LSA mode. 
planned t o  include various mechanisms which a re  present i n  the  mater ia l  b u t  
have not been taken in to  consideration previously. 
become very important a t  higher frequencies. 
It i s  
Some of these mechanisms 
- -  2. Two-Dimensional Analysis - of Avalanche-Diode Osci l la tors :  The 
purpose of t h i s  phase of the  program is t o  obtain a two-dimensional analysis  
of an avalanche-diode osc i l l a to r .  
understanding of such devices and t o  explain some of the propert ies  which 
have not been explained from the  one-dimensional analyses which have been 
performed. 
It i s  hoped t h i s  w i l l  contribute t o  the  
2. - Ion Implantation - i n  Semiconductors : Some preliminary work was 
performed during t h i s  period concerning the poss ib i l i t y  of converting the  
equipment which was employed in  t h e  Cerenkov rad ia t ion  experiment i n to  an ion 
implantation machine. 
memorandum by G. T. Kowad. The University has provided the  necessary funds 
f o r  t h i s  purpose and work on t h i s  w i l l  be i n i t i a t e d  short ly .  
A summary of t h i s  work i s  presented i n  an attached 
2. Beam-Plasma Interact ions 
Supervisor: R. J. Lomax 
-I 
S t a f f :  J, D. Gillanders 
2.1 - Introduction. The presence of gain or of an i n s t a b i l i t y  i n  a 
beam-plasma in te rac t ion  can be determined by examining the  dispersion 
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equation of the  interact ion.  Simplified theories  which ignore co l l i s ions ,  
f i n i t e  temperature e f f ec t s  and some or  a l l  of t he  boundary conditions 
predict  gain and i n s t a b i l i t i e s  much stronger than are observed experimentally. 
I n  the simplest cases i n f i n i t e  gains a re  predicted. However, when t h e  above 
fac tors  a re  not ignored, t he  dispersion r e l a t i o n  becomes much more complicated. 
Therefore, a very e f f i c i e n t  method is  needed t o  solve the  equation i f  
information about the in te rac t ions  is  t o  be obtained i n  a reasonable amount of 
computation time. 
previous reports .  Results are current ly  becoming avai lable  from t h i s  method. 
Since the  las t  report  the  Calcomp p lo t t i ng  program 
From the  r e s u l t s  p lo t ted  so far it appears 
A new approach t o  t h i s  problem has been outlined i n  
- 2.2 Conclusions, 
has been wr i t ten  and checked out. 
t h a t  the  model i s  giving f a i r l y  good agreement with experimentally observed 
r e su l t s .  
The e f f e c t  of f i n i t e  temperature broadens the band over which gain is 
found, as expected, but  decreases the magnitude of the gain available.  The 
co l l i s ions  reduce the  magnitude of the gain b u t  have l i t t l e  e f f ec t  on the  
b andw i.dth 
2.3 Program --- for  the  Next Period. A f i n a l  report  on t h i s  port ion of -
t he  work i s  now being prepared. 
ready fo r  publication i n  the  near future .  
It is expected t h a t  t h i s  f i n a l  report  w i l l  be 
The Study of Cyclotron Harmonic I n s t a b i l i t i e s  
Supervisor: W. D. Getty 
3. - - 
Sta f f :  A .  Singh 
This pa r t  of the  pro jec t  i s  devoted t o  the  study of cyclotron harmonic 
i n s t a b i l i t i e s  i n  plasmas with anisotropic  veloci ty  d is t r ibu t ions  a 
The device proposed f o r  creat ing the  required veloci ty  d i s t r ibu t ion  
is  the  Wingerson-type corkscrew, The axial-to-transverse veloci ty  conversion 
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cha rac t e r i s t i c s  of the  corkscrew are being studied on an electron-beam 
veloci ty  analyzer. The corkscrew is  designed t o  give an axial-to-transverse 
veloci ty  conversion r a t i o  of 0.4 a t  a beam voltage of 576 V and a t  a magnetic 
f i e l d  of l9O G. It was reported i n  the  last  semiannual progress report  t h a t  
the  corkscrew operates s a t i s f a c t o r i l y  a t  other beam voltages and a x i a l  
magnetic f i e l d  s t rengths  provided K / B o  is kept constant 
some of t h e  r e s u l t s  obtained with beam voltages of 200 V:, 400 V and 576 V 
Figures- 3 . 1  show 
fo r  various values of corkscrew currents.  It w i l l  be appropriate here t o  
describe the  ve loc i ty  analyzer b r i e f l y  before explaining t h e  curves shown i n  
Figs. 3 . 1 .  
The a x i a l  veloci ty  analyzer consis ts  of a beam current co l lec tor  with 
a pinhole of 0.010 inch diameter through which a small pa r t  of the  beam is 
sampled. Behind t h i s  aperture is  a gridded cylinder ( re tarding electrode) 
whose po ten t i a l  can be varied from t h a t  of the gun cathode t o  t h a t  of the  
anode. A t  the  other end of t h i s  cylinder i s  an analyzer co l lec tor  held a t  
the  same po ten t i a l  as the  beam col lec tor  (system ground poten t ia l ) .  The 
gridded cylinder acts as the retarding electrode, 
the  beam i s  l e s s  than the po ten t i a l  difference between the  beam col lec tor  
and the  re ta rd ing  electrode, no current w i l l  be observed a t  the  analyzer 
co l lec tor .  
t he  current begins t o  flow is  a measure of t he  transverse energy of the  beam. 
When the axial energy of 
It may be shown t h a t  t he  retarding electrode po ten t i a l  a t  which 
It may be noted t h a t  a11 voltages are measured with respect t o  the  cathode. 
Thus 
retarding electrode po ten t i a l  a t  cutoff 
beam voltage Vo conversion r a t i o  = - - 
0 
I n  Figs. 3.1 the  analyzer co l lec tor  current is p lo t ted  against  
re ta rd ing  electrode poten t ia l .  For purposes of calculation, t he  cutoff 
v) 
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po ten t i a l  i s  taken as t h a t  po ten t i a l  where the  analyzer co l lec tor  current 
reaches one-tenth of i t s  sa tura t ion  value. 
A s  indicated on each curve, the  axial magnetic f i e l d  varies s l i g h t l y  
from curve t o  curve. 
required t o  obtain sharp cutoff and s t r a igh t  and p a r a l l e l  curves. 
of s l i g h t  var ia t ions i n  Bo on the  a x i a l  veloci ty  d i s t r ibu t ion  of the beam 
a t  the output of the corkscrew is shown i n  Fig. 3 , 2 .  It can be seen from 
these curves tha t ,  unless Bo i s  adjusted properly, the  veloci ty  d i s t r ibu t ion  
a t  t he  output of the corkscrew can vary considerably. The maximum change 
i n  Bo i n  Fig. 3.2 i s  only 7.1 percent. 
seen t h a t  diamagnetic measurements on such a beam w i l l  not give proper 
information about the transverse veloci ty  d is t r ibu t ion .  
S l igh t  tuning i n  axial magnetic f i e l d  s t rength  is  
The effect 
From these curves it can a l s o  be 
Fromthe same data used for  the curves shown i n  Figs. 3.1, we can 
calculate  the veloci ty  conversion r a t i o  fo r  V = 200 V, 400 V and 576 V f o r  
the  corkscrew currents  indicated on the f igure.  In  Fig. 3.3 t h i s  r a t i o  is  
p lo t ted  against  corkscrew currents .  The s o l i d  l i nes  i n  Fig. 3.3 a re  drawn 
from computer r e s u l t s  f o r  corkscrews designed keeping 
0 
The data a t  t h i s  s tage is  ra ther  meager t o  warrant any general conclusions. 
However the d i s t r ibu t ion  of points about t h e i r  respective computer curves 
is  f a i r l y  even. 
3.1 Program fo r  t he  Next Period. A t  the  time of wri t ing t h i s  report ,  
--_q 
t he  tube is operating and fur ther  measurements a r e  being car r ied  out. 
The experimental setup, for 8 t asurement of propagation charac te r i s t ics  
of microwaves on beams with anisotropic  veloci ty  d i s t r ibu t ion  and detect ion 
of associated i n s t a b i l i t i e s ,  has been designed and i s  presently being 
fabricated 
-10 - 
I,= 1.44 A f-- 
0 20 40 60 80 
RETARDING ELECTRODE VOLTAGE, VR 
3 
F I G .  3.2 ANALYZER COLIXCTOR CURRENT V S .  RETARDING EL;ECTRODE POTENTIAL 
SHOWING THE EFFECT O F  VARIATION OF 30 ON THE VELOCI'IY SPREAD 
I N  THE EIXCTRON BEAM A T  THE OUTPUT OF THE CORKSCREW. FOR ALL 
CURVES, Vo = 200 V AND ICs = 10 A.  
-11- 
0.6 
0.4 
0 > 
\ 
>+ 
0.2 
+ - 
- 
I I I I 
i 
FIG. 3.3 WINDUP RATIO vI/v0 vs. CORKSCREW CURRENT. (SOLID LINES GIVE 
THE RELATIONSHIP BETWEEN THE TWO QUANTITIES IF THE CORKSCREW 
WERE DESIGNED WITH $/Bo = 1263 MKS AND WITH THE BFAM 
VOLTAGES S P E C I F I E D  I N  F I G .  3.3. + , 0 AND 0 ARE EXPERIMENTAL 
POINTS FOR 200 v, 400 v AND 576 v AS THE BEAM VOLTAGES, 
RESPECTIVELY. 
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Bo A T  EACH POINT WAS ADJUSTED TO GET MINIMUM 
- 4. Paramagnetic Waterials - fo r  Millimeter- and -Submillimeter-Wave -Detection 
Supervisor: G. I. Haddad 
S t a f f :  C. F. &urn 
The purpose of t h i s  phase of the  program is t o  invest igate  the  
f e a s i b i l i t y  of using paramagnetic materials t o  de tec t  m i l l i m e t e r -  and 
submillimeter-wave radiat ion.  The downconversion scheme current ly  being 
studied i s  s imi la r  i n  pr inciple  t o  a three- level  maser. Two signals,  one 
a millimeter-wave frequency and the  other a microwave frequency, a r e  
p a r t i a l l y  absorbed by a paramagnetic material. The power re f lec ted  a t  the  
microwave frequency depends upon the  power incident a t  the millimeter-wave 
frequency. Monitoring the  changes i n  re f lec ted  microwave power corresponds 
t o  detect ion of the  millimeter-wave s ignal .  
Extensive experimental t e s t s  have been run on the  paramagnetic down- 
converter a t  l i qu id  nitrogen temperatures. The change i n  microwave output 
due t o  the  millimeter-wave input can be characterized by the formula 
the change i n  microwave r e f l ec t ed  power, 
the  incident microwave power:, 
the  incident millimeter-wave power, 
a constant and 
the  sa tura t ion  input power a t  the  microwave frequency. 
Typical numbers f o r  l i qu id  nitrogen temperatures are Pc = 1.5 W:, and 
I?, = P = 1.5 mW. These give an overa l l  conversion loss of 33 dB 
1 sat 
The overa l l  conversion 106s includes both the  in t e rna l  conversion 
loss of t he  device and the  mismatch losses a t  the  input and output 
frequencies The millimeter-wave input mismatch loss i s  defined as the 
-12- 
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r a t i o  of the  power absorbed by the  spin system t o  the incident power. 
This can be expressed mathematically as 
1 - Pm 
Linput m (4.2) 
where pm = the  cavi ty  r e f l ec t ion  coef f ic ien t  with magnetic resonance and 
po = the  cavi ty  r e f l ec t ion  coef f ic ien t  with no magnetic resonance. 
I n  a similar way, tbe output mismatch loss i s  defined as the r a t i o  of the 
observed change i n  re f lec ted  power t o  the  change i n  power absorbed by the  
spin system. This can be writ ten as 
- P,O - Po) 
Lout put 1 + Po - 2Pm ' (4.3) 
A t  l i qu id  nitrogen temperatures these losses  a r e  approximately 
17 dB. Using the  f igures  given above, the minimum a t ta inable  conversion 
loss i s  30 dE3* This implies t ha t  the in t e rna l  conversion loss  i s  13 dB. 
For the  operating points discussed here, t he  minimum possible conversion 
loss with equal re laxat ion r a t e s  between a l l  leve ls  is  9 dB. 
Attempts t o  measure the  response time a t  l i qu id  nitrogen temperatures 
have been only p a r t i a l l y  successful. The relaxat ion time of the microwave 
leve ls  has been measured using CW sa tura t ion  methods.' These t i m e s  a r e  on 
the  order of 10 ps. 
the  millimeter-wave source and examining the microwave response have not 
been successful. This is due mainJy t o  a l imi ta t ion  i n  the  millimeter-wave 
klystron power supply. 
Attempts t o  measure the  device response t i m e  by pulsing 
1. Eschenfelder, A. H. and Weidner, R.  T o ,  "Saturation Effects  on 
Paramagnetic Resonance," Phgs. RS, vol.  92, No. 4, pp. 869-872; 
November 15, 1953. 
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Some preliminary measurements of the  noise of t h i s  device have been 
obtained. These indicate  t h a t  the  noise contributed by the  device i t s e l f  
is negl igible  i n  comparison with t h a t  of the following amplifier.  This is 
as expected s ince the  device noise temperature i s  usual ly  l e s s  than twice 
the  bath temperature and t h i s  i s  wel l  below the equivalent temperature of the 
following amplifiers.  
The m i n i m u m  detectable power fo r  t h i s  system can be determined 
approximately from the  equation 
where R = the  responsivity of t he  output detector  and 
= t he  noise voltage due t o  the amplif iers  following the  'n 
downconverter e 
For Pc = 1 W, RPi E= 1 V and Vn = 1 pVP (Pm) 
measured l i qu id  nitrogen temperature r e s u l t s  obtained with a c i rcu la tor .  
= 1 pW. This i s  near the  
min 
These r e s u l t s  can be s ign i f i can t ly  enhanced through the  use of a 
magic T o r  similar bridge setup. Unfortunately t h e  current experiment i s  
not w e l l  su i ted  t o  t h i s  purpose. The paramagnetic material has poor thermal 
contact with the  bath and temperature f luc tua t ions  tend t o  make the  balance 
d r i f t  rapidly.  
Some addi t iona l  l i qu id  nitrogen temperature measurements w i l l  be 
made i n  t h e  next period. A l s o  some of the  l i qu id  helium measurements w i l l  
be repeated using ref ined measurement techniques. 
2.. Bulk -Semiconductor Materials - f o r  Millimeter- - and Submillimeter-Wave - 
Detection 
Supervisor: G. I. Haddad 
S t a f f :  I. I. Eldumiati 
The objective of t h i s  phase of t he  program is t o  study su i tab le  bulk 
semiconductor materials for  applications i n  the  m i l l i m e t e r -  and submillimeter- 
wave region. I n  order t o  study the material in te rac t ion  with e l e c t r i c  and 
magnetic f i e lds ,  cavi ty  perturbation techniques using both equivalent 
c i r c u i t  and f i e l d  theory approaches a r e  under investigation. 
The equivalent c i r c u i t  of the bulk mater ia l  i n  a ref lect ion-type 
reent ran t  cavi ty  has been developed. The introduction of the  material  i n  
t he  cavi ty  produces a change i n  the  resonant frequency and the power 
r e f l ec t ed  from the  cavity.  !The conductivity and d i e l e c t r i c  constant of 
the  material  a r e  expressed i n  terms of the change i n  the  re f lec ted  power, 
t he  frequency s h i f t  and other measurable quant i t ies  such as the  Q-factor 
and the coupling coef f ic ien t  of the  cavi ty  before and a f t e r  t he  material 
i s  introdu.ced. Optimization of the  scheme is  being s tudied as a function 
of the  coupling fac tor  and the  material  parameters. 
being wr i t ten  fo r  t h i s  purpose. 
frequency was b u i l t ,  and the  c i r c u i t  explained i n  Semiannual Progress Report 
No.  3 was-used t o  ver i fy  the theo re t i ca l  and numerical results. 
w i l l  be extended t o  study the  change i n  the  material parameters with 
temperature and magnetic f i e l d s  a t  other frequency bands. 
A computer program is 
A fixed-size cavi ty  resonant a t  an X-band 
The method 
It can be shown t h a t  
-15 - 
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f r - f  * o + L (  L -  L) + j ;( L, ‘> 
f r 2QL Q5 QLo &L &Lo 
where f = the  resonance frequency of the  cavity, r 
QL = the  loaded &-factor of the cavity,  
p = the  permeability of the medium, 
E = the  permi t t iv i ty  of the  medium, 
Vs = the  sample volume, 
Vc = the  volume of the  cavi ty  and 
%pH_ = the  e l e c t r i c  and magnetic f i e l d s .  
The subscript  o denotes quant i t ies  i n  the absence of perturbation. 
If the  material  i s  placed i n  the  high e l e c t r i c  f i e l d  region under 
the  cen t r a l  post of the cavity, with i t s  s ides  p a r a l l e l  t o  t h e  e l e c t r i c  
f i e l d  l ines ,  then the continuity of t he  tangent ia l  components of e l e c t r i c  
f i e l d s  together with the  orthogonality of e l e c t r i c  and magnetic f i e l d s  
imply : 
E = %  - 
over the  s i ze  of the sample. Hence Eq. 5.1 becomes: 
f r  - f r o  + L (  r - 2) + &( L - L) 
f r  %%o Q5 QLO 
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If p = po, which i s  true i n  our case, then Eq. 5.2 reduces to :  
= a (k - I-) , (5.3) 
where Jv IEI" dV 
a = - -  1 s  
vC 
' s dV * 
Equation 5 * 3  shows t h a t  t he  mater ia l  propert ies  can be determined by 
measuring the  cavi ty  parameters before and a f t e r  perturbation and knowing 
the  f i e l d  d i s t r ibu t ion  within the  cavity.  
were expanded as a Fourier se r ies ,  whose coef f ic ien ts  were determined 
The f i e l d s  inside the  cavi ty  
by using the proper boundary conditions, together with cy l indr ica l  
harmonic expansions A computer program was developed, which solves 
f o r  the Fourier coef f ic ien ts  as a function of the  cavi ty  dimensions. 
This takes care of determining the constant a! i n  Eq. 5.3 t o  within a 
multiplying fac tor .  
In  the next period the  cavi ty  perturbation techniques w i l l  be 
continued. Theoretical  invest igat ion of t he  complex d i e l e c t r i c  constant 
E and i ts  dependence on e l e c t r i c  and magnetic f i e l d s  w i l l  be studied. 
Also, experimental work w i l l  be continued t o  ve r i fy  the  theo re t i ca l  
r e su l t s .  Experiments w i l l  be car r ied  out a t  frequencies i n  the X-, Ku- 
and E-bands a 
6 e Millimeter -Wave Gunn-Effect Devices - - 
Supervisor: W. R. Curtice 
S ta f f :  J. J. Purcel l  
6.1 - Introduction. For a better understanding of t he  operation and 
l imi ta t ions  of LSA-mode, Gunn-effect devices a t  millimeter wavelengths, it is  
necessary t o  evaluate the e f f ec t s  of the  following phenomena: 
1. Interval ley transfer time. 
2 -  Formation of accumulation layers.  
3* Doping f luctuat ions 
Furthermore, the analysis  should include transverse boundary conditions and, 
i n  par t icu lar ,  t he  skin e f f ec t .  
6.2 Summary of I n i t i a l  Studies.  I n  the  i n i t i a l  stages of t h i s  
project ,  a simple two-valley conduction-band model has been used. The 
__. 
average c a r r i e r  temperature is  determined by the  one-dimensional energy 
t ransport  equation and the instantaneous energy d i s t r ibu t ion  of ca r r i e r s  
i s  r e l a t ed  t o  the  average temperature by a modified Maxwell-Boltzmann 
function. Carrier streaming i s  neglected and the  r a t e  of c a r r i e r  energy 
relaxat ion toward an equilibrium d i s t r ibu t ion  i s  assumed t o  be rapid 
compared with the  reciprocal  of the  d i e l e c t r i c  re laxat ion t i m e .  
Solutions of d r i f t  veloci ty  as a function of t i m e  have been 
obtained f o r  operation over a wide frequency range, and the  analysis  y i e lds  
conductance, susceptance and eff ic iency values which a r e  in  general  
agreement with observed behavior and the  r e s u l t s  of other workers 'Y2 
I. Butcher, P. N. and Hearn, C. J o g  Theoretical  Efficiency of t he  LSA 
Mode f o r  Galllum Arsenide a t  Frequencies Above 10 GHz," Electronics 
Let ters?  vol. 4, No. 21, pp. 459-461; October, 1968. 
O h m i ,  T. e t  al . ,  "Effect of Interval ley Sca t te r ing  Time on LSA 
Oscil lations, ' '  Proc. IEEE, vol. 56, No. 4, pp. 747-748; April ,  1968. 
If 
2 ,  
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I n  Fig. 6.1, the  dynamic solut ion a t  a frequency of 7 GHz shows 
how the  re laxa t ion  time fo r  in te rva l ley  sca t te r ing  has an e f f ec t  on LSA 
osc i l l a t ion  a t  frequencies t h a t  are low compared with the  reciprocal  
re laxat ion t i m e  of 870 GHz. The s t a t i c  curve l i e s  c lose t o  the  experi- 
mental r e s u l t s  of Ruch and Kinoos 
t o  the b i a s  f i e l d  (LO kV/cm) is used as an i n i t i a l  approximation t o  t h e  
The static dr i f t  veloci ty  corresponding 
dynamic solut ion.  Successive cycles then follow the  dynamic solut ion 
exactly.  The assumed RF f i e l d  amplitude of 7.7 kV/cm r e s u l t s  i n  14.8 
percent efficiency, which is  only 0.1 percent l e s s  than t h a t  obtained using 
the s t a t i c  curve. 
6.3 Program f o r  the Next Period. In  the next period, the e f f e c t  - ---
of nonsinusoidal RF f i e l d s  on eff ic iency w i l l  be investigated and, 
subsequently, the e f f e c t  of accumulation layers  w i l l  be included. 
2. =-Dimensional Analysis - of Avalanche-Diode Osc i l la tors  
Supervisor: R.  5. Lomax 
S t a f f :  No S. Gupta 
7 2  Introduction. A study of the  e f f ec t s  of nonuniformities i n  
the  transverse cross sec t ion  of avalanche diodes was i n i t i a t e d  i n  t h i s  
period. It i s  aimed a t  explaining several  experimentally observed 
cha rac t e r i s t i c s  of avalanche diodes which could a r i s e  from transverse 
inhomogeneities and thermal e f f e c t s  All e a r l i e r  an8lpeS- of avalanche- 
diode microwave osc i l l a to r s ,  both small s igna l  and large, .signal,  have 
been one-dimensional, i . e . ,  the  diode i s  assumed t o  be homogeneous and 
uniform i n  the  transverse plane, with i n f i n i t e  transverse dimensions. 
3 .  Ruch, J. G. and Kino, G. Sa, "Measurement of t he  Velocity-Field 
Character is t ics  of Gallium Arsenide, " Appl. Phys Letters, vol. 10, 
No. 2, pp. 40-423 January, 1967. 
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However, current filaments are known t o  form i n  avalanche diodes, and 
t h e  high-power, large area diodes have considerable transverse nonuniformity. 
The present analysis  w i l l  therefore  treat a more real is t ic  model of 
t he  diode. Some of t he  advantages of such an invest igat ion a r e  given below. 
7 .2  - Objectives. A two-dimensional analysis  of avalanche diodes 
appears necessary f o r  the following purposes: 
1. To determine the  e f f ec t  of d i f f e ren t  diode geometries and 
This would be of importance i n  the  inhomogeneities on diode performance. 
design of avalanche diodes as a pa r t  of integrated c i r c u i t s  a lso.  
2, To take in to  account the  effect of the formation of current 
filaments i n  the  diode, which have been shown t o  e x i s t  both theoret ical ly '  
and experimentally. 2 
3. To understand the  frequency sweeping e f f ec t s  and pulse-to-CW 
3 t r a n s i t i o n  i n  avalanche diodes observed recently.  
4. To examine the  ARP mode theory* of high-efficiency osc i l l a t ions  i n  
avalanche diodes. A device with current control led negative resis tance has 
been shown t o  be unstable, leading t o  the  formation of a filament.' 
the  ARP mode theory admits the existence of d i f f e r e n t i a l  negative 
While 
1. 
2. 
3. 
4. 
Ridley, B o  K., "Specific Negative Resistance i n  Solids,  " Proc. - Phys 
SE., vol. 82, No. 6, pp. 954-966; 1 December 1963. 
Barnett, A .  M. and Milnes, A. G., "Filamentary In jec t ion  i n  Semi- 
Insu la t ing  SLlicon," - Jour. Appl. Phys., vol. 37, No. 11, pp. 4215-4223; 
October, 1966. 
Buntschuh, C. and Gilden, M.,  :'Integrated Sol id  S t a t e  Ku-Band Source, '' 
Interim Tech. Report No. 2, Microwave Associates, Inc., Burlington, 
Mass ; November, 1968. 
Snapp, C. P. e t  a l . ,  "Experimental Analysis of High-Efficiency . 
Avalanche-Resonance Piunped Osci l la tors ,"  EIectronics-Le@ters,  vol: 4, 
No. 26, pp. 595-596; 27 December 1968. 
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resis tance,  it i s  one-dimensional. It is  therefore  s ign i f icant  t o  carry 
out a two-dimensional analysis  t o  ver i fy  the  theory. 
5. To explain some experimental results recent ly  obtained by Snapp and 
Hoefflinger* on high-eff iciency mode of o sc i l l a t ions  of avalanche diodes 
7.3 Discussion -- of Work Performed. During t h i s  period, t he  s t a t e  
__. 
of the a r t  of avalanche diodes was surveyed. Some of t he  best  results 
obtained so far a re  shown in  Fig. 7.1. The relevant l i t e r a t u r e  dealing 
with the  analysis  of avalanche diodes and with the study of nonuniformities 
i n  semiconductor devices was reviewed and a bibliography was prepared. It 
was found t h a t  very l i t t l e  work has been done on two-dimensional analysis  
of semiconductor devices i n  general. 
The f i rs t  s tep  i n  the  two-dimensional analysis  of avalanche diodes 
F s  a self-consis tent  and f a i r l y  t rue  formulation of equations describing 
the  generation and t ransport  of c a r r i e r s  i n  the  semiconductor material 
and the associated e f f ec t s .  During t h i s  period, e f f o r t s  were directed 
towards determining a su i tab le  set of approximations and, based on these, 
wri t ing a complete set of equations. Very few assumptions were made t o  
keep the  formulation of t he  problem as general as possible.  However, 
fur ther  r e s t r i c t i o n s  w i l l  be made as necessary t o  simplify the work 
involved i n  the  solution. A s  severa l  changes are ant ic ipated during the  
process of choosing assumptions i n  an optimum manner so as t o  f a c i l i t a t e  
solut ion with minimum l imi ta t ion  of appl icabi l i ty ,  the d e t a i l s  of t he  
formulation a re  not being reported a t  t h i s  t i m e .  
5. Snapp, C .  P. and Hoefflinger, B., "Effect of Space Charge on Efficiency 
of Avalanche Diodes 
Control i n  Solids,  " Tech. Report No. RADC-TR-68-329, Cornell University, 
I thaea,  N. Y,; October, 1968. 
i n  Advanced Concepts of Microwave Generation and 
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Briefly,  the  f i rs t  model of an avalanche diode, cy l indr ica l  i n  
shape, contains a current filament of adjustable  diameter a t  the  ax is  due 
t o  a large mult ipl icat ion occurring a t  the center of a t h i n  avalanche 
region. The filament suf fers  d i f fus ion  and pinch, and causes nonuniform 
heating of the  semiconductor, r e su l t i ng  i n  a change i n  conductivity, and 
consequent r ed i s t r ibu t ion  of current.  Steady-state equations f o r  t he  model 
are writ ten,  taking in to  account the effect of space charge due t o  ca r r i e r s .  
A t  present, severa l  e f fec ts  such as temperature dependence of the multi- 
p l i ca t ion  factor  and d r i f t  velocity,  transverse d r i f t  of ca r r i e r s  due t o  
space-charge f i e lds ,  and others, are included i n  t h e  formulation. Sui table  
boundary conditions fo r  charge density and temperature are a l s o  chosen. 
Further addi t ions and modifications i n  t h e  model are current ly  under 
consideration, 
7.4 - Program f o r  the Next Period. It i s  planned t o  continue t h i s  
invest igat ion through the next period with t h e  following objectives.  
The model of t he  avalanche diode w i l l  be modified, as the  need arises, 
both t o  increase i t s  accuracy and t o  make a solut ion t rac tab le .  Effects 
of a time-dependent flow of car r ie rs ,  instead of the steady state assumed 
i n  the  above model, w i l l  be evaluated. 
solution, both ana ly t ica l ly  and numerically. Per t inent  experimental 
measurements a r e  a l s o  under consideration on diodes t h a t  w i l l  be designed- 
and fabricated i n  f a c i l i t i e s  present ly  under construction i n  t h i s  laboratory. 
Attempts w i l l  be made a t  a 
EEL Memo No. 69-2-08400 
17 January 1969 
By: G. T. Konrad 
I O N  IMPLANTATION I N  SEMICOI!@UCTORS 
I. INTRODUCTION - 
If a material i s  bombarded with a.beam of ions, some of the  ions 
a re  re ta ined i n  the material; some are re f l ec t ed  and some of t he  subs t ra te  
mater ia l  may be sputtered. 
t he  penetration of the host material by the  ions appear t o  be f a i r l y  
The physical processes that  a r e  involved i n  
wel l  understood if  the  substrate is  an amorphous substance. The theory 
developed by Lindhard e t  a1.l represents  a refinement of various earlier 
ideas s t a r t i n g  with Bohr. This theory, which i s  based on a Thomas-Fermi 
po ten t i a l  f o r  the  sca t t e r ing  process, assumes the t a rge t  atoms t o  be 
randomly arranged in  space. A t y p i c a l  experimental penetration p ro f i l e  
consis ts  of a near ly  Gaussian peak centered around a most probable 
penetration distance,  R 
component of r e l a t i v e l y  low concentration. 
and a long t a i l  representing a deeply penetrat ing 
P’ 
For ce r t a in  or ientat ions of the  subs t ra te  it was found however 
t h a t  ions can penetrate t o  anomalously la rge  depths. This is explained 
as a c r y s t a l  la t t ice  e f f ec t .  Certain c r y s t a l  direct ions,  such as <110> 
i n  diamond, present r e l a t i v e l y  open channels through which an incoming 
ion may t r ave l .  An exact t heo re t i ca l  analysis  taking channeling i n t o  
account has not been made t o  date because thermal f luc tua t ions  of t he  
target atoms and c rys t a l l i ne  imperfections (inclu-fiing the  surface 
preparation of t he  c r y s t a l )  prove t o  be e f f ec t ive  dechanneling agents.  
Completely d e f i n i t i v e  experimental studies a r e  not possible  e i t h e r  because 
of the  d i f f i c u l t y  of a l ign ing  the ion beam pe r fec t ly  with the  channels 
i n  the  c rys t a l .  
divided the  incident  ion beam i n t o  a random beam and a channeled beam. 
These beams were t r e a t e d  separately and the  f i n a l  d i s t r i b u t i o n  of the  
Lindhard2 worked out a t h e o r e t i c a l  ana lys i s  i n  which he 
implanted ions was obtained by superposit ion.  
t h e o r e t i c a l  considerations involved i n  these analyses is  given by 
Gibbons. 
A review of many of. t he  
3 
11. TYPES OF DOPING OBTAINABLE BY -- I O N  IMFLANTATION - --
There a r e  bas i ca l ly  three kinds of doping t h a t  may be obtained by 
ion bombardment depending upon the  method of implantation and the  type 
of ions used. 
1. Bombardment damage doping r e s u l t s  when ions such as He" are 
used for  bombardment. No ordinary chemical doping e f f e c t s  would be 
expected i n  t h a t  case but the Fermi l e v e l  i s  known t o  be affected,  being 
moved, f o r  example, toward the  center  of the  band gap i n  s i l i con .  I n  
t h i s  respect  bombardment damage produces a doping e f f e c t  just  as 
conventional chemical dopants do. This was employed i n  the  e a r l i e s t  
experiments on ion implantation. 
2.  Subs t i t u t iona l  doping takes place when column I11 and V element 
ions a r e  used to bombard s i l i c o n  and germanium, for example. 
annealing a t  the  end of the bombardment is usua l ly  required t o  reduce 
Proper 
bombardment damage. I n  addition, it is usually necessary t o  anneal the 
target during bombardment so t h a t  the ions being present ly  implanted are 
-3 - 
not adversely a f fec ted  by the  atoms deposited i n  i n t e r s t i t i a l  locat ions 
previously . 4, 
3 .  I n t e r s t i t i a l  doping can be obtained when alkali  ions are 
introduced i n  s i l i con .  Apparently the  supersaturat ion possible is  very 
large.  The alkalis form n-type impurit ies i n  s i l i con .  Targets of 
p-type s i l i c o n  are used f o r  bombardment. A p-n junct ion is formed a t  
t h a t  depth i n  the  subs t ra te  where t h e  implanted p r o f i l e  equals the 
background concentration. 
111. 
L_ 
EYENTS ACCOMPANYING - I O N  IMPLAN'IIATION 
During ion bombardment and f o r  some time the rea f t e r  ce r t a in  
physical or chemical processes may take place i n  the  t a r g e t  a f t e r  the  
incident ions have given up their  k ine t i c  energy and become lodged inside 
the  t a rge t .  
1. I n t e r s t i t i a l - s u b s t i t u t i o n a l  react ions may occur i n  which an 
ion lodged i n  an i n t e r s t i c e  of the t a rge t  c r y s t a l  moves t o  a vacancy 
created by the bombardment or t o  one t h a t  ex is ted  before bombardment. 
Thus f a i r l y  extensive post-bombardment annealing is  needed not only t o  
move the  ions t o  subs t i t u t iona l  sites, but also t o  remove bombardment 
damage. 4,7-9 
2. Diffusion o f  i n t e r s t i t i a l s  is frequent ly  qui te  high i n  c rys t a l s  
even without bombardment. 
t o  d i f fus ion  ta i ls  even a t  moderate temperatures. These d i f fus ion  t a i l s  
should follow .Fick's l a w ,  with the  ordinary d i f fus ion  coef f ic ien t  
applicable.  
Thus ce r t a in  ions may be expected t o  give r i s e  
-4- 
3 .  D r i f t  of t he  diffusing dopant atoms may take place when an 
intense e l e c t r i c  f i e l d  is present. 
4. Evaporation of the  dopant may take place during bombardment 
because the dopant s o l u b i l i t y  react ion a t  the target surface is driven 
i n  the forward d i r ec t ion  by keV energies, which &e magnitudes grea te r  
than the thermal energy. Thus an enormous supersaturation of dopant 
can be produced within the  target, which may be re l ieved  by evaporation 
of dopant from t$e t a rge t  surface.  
5 .  Prec ip i ta t ion  is  another process by which the  supersaturated 
system may t r y  t o  r e tu rn  t o  equilibrium. 
6 .  Ion pa i r ing  is possible i n  t he  case of i n t e r s t i t i a l  dopants, 
l i k e  a l k a l i '  ions pa i r ing  with subs t i t u t iona l  acceptor ions. 
The above l i s t  of processes i s  an example of the  areas of i n t e r e s t  
i n  the f i e l d  of so l id - s t a t e  chemistry. 
t r e a t  these and r e l a t e d  aspects i n  much grea te r  d e t a i l .  
Review a r t i c l e s  by McCaldinlo>'" 
- N. I'QASUREMENT - OF JUNCTION DEPTH 
One of t he  major appl icat ions of ion implantation appears t o  be 
i n  t h e  production of p-n junctions.  A s  an example of t h e  types of 
measurements tha t  need t o  be made a f t e r  a semiconductor sample has been 
implanted with ions, a shor t  summary of junct ion depth determination w i l l  
be  given. 
depth of a junction by lapping or etching away3y12 layers  of t h e  semi- 
conductor and-measuring the surface cha rac t e r i s t i c s  a t  each s tep.  
Conductivity or  capacitance measurements can be made t o  f i n d  the 
Methods have been developed i n  t h e  pas t  fo r  measuring the 
concentration p r o f i l e  i n  th i s  way, Implantation can be made with 
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radioact ive tracers, i n  which case t h e  densi ty  p ro f i l e  can a l s o  be 
measured i n  a stepwise lapping or  etching process'. A p-n junction 
loca t ion  technique i s  described by Kleinfelder e t  a1.13 Samples of 
varying background r e s i s t i v i t i e s  are simultaneously made t o  insure 
iden t i ca l  implants. The conductivity of t he  samples is  chosen t o  be 
opposite t o  that caused by the  ions t o  be implanted. Thus after implant, 
every sample contains a p-n junction located a t  t h a t  depth a t  which the 
implanted ( subs t i tu t iona l )  p r o f i l e  concentration exact ly  equals t he  
background concentration. The junction depth can be measured by a 
var ia t ion  of the  lapping and s ta in ing  technique. 
one point on the  implanted doping d i s t r ibu t ion  curve. Detection of the  
implanted concentration over e ight  orders of magnitude i n  densi ty  below 
the peak densi ty  is possible.  
Thus each sample gives 
V_. APPLICATIONS OF ION IMPLANTATION 
_.- 
Applications f o r  ion implantation i n  so l id - s t a t e  e lec t ronics  are 
immediately apparent from the  above discussion. 
1. Since the  ion beam can be c lose ly  controlled,  unique doping 
pat terns  can be formed which are not possible by other means such as 
diffusion.  Thus i n t r i c a t e  semiconductor shapes, such as are required i n  
integrated c i r c u i t  technology, could be produced. 
2. By programming the  pos i t ion  or  or ien ta t ion  of the  substrate 
during the  bombardment t i m e ,  t h e  densi ty  of the  dopant as a function of 
depth i n  the  subs t ra te  can be control led i n  a prescribed manner. mus 
ce r t a in  graded junctions which would be ;d i f f i cu l t  t o  achieve otherwise 
could be produced. 
-b - 
3 .  Avalanche diodes require  very abrupt junctions i n  order t o  
operate i n  the  millimeter-wavelength region. ' T o  date  t h i s  has limited 
the capabi l i ty  of diode manufacturers i n  producing avalanche diodes for  
the  millimeter-wavelength region. Ion implantation promises t o  be a 
method for  producing very abrupt junctions a t  a precisely prescribed 
depth. 
4. Lower temperatures ( i n  the  range of 4 0 0 ° C  t o  600"c) can be used 
i n  ion implantation doping than i n  d i f fus ion  doping. 
degradation of the  host  c r y s t a i  due t o  pickup of unwanted impurit ies.  
This a l s o  permits addi t iona l  design freedom where a number of processing 
s teps  must be performed i n  sequence, as i n  integrated c i r c u i t  preparation. 
This minimizes 
5. Much greater: concentrations of dopant can be produced by ion 
in jec t ion  than by other  methods due t o  supersaturation. Thus the  Fermi 
l e v e l  may be pushed t o  energies not otherwise accessible .  
and photovoltaic devices require  heavily doped semiconductors f o r  
Thermoelectric' 
e f f i c i e n t  operation. It is believed that the quantum ef f ic iency  of 
ce r t a in  photocathodes can be enhanced by using heavily doped semiconductors. 
Furthermore, tunnel  diodes require  heavy doping and abrupt junctions fo r  
success f i l  operation. Thus ion implantation is po ten t i a l ly  usefu l  i n  
the  improvement of a l l  these classes of devices. 
6. Doped surface regions may permit e l e c t r i c a l  contacts t o  be made 
that  are otherwise d i f f i c u l t  t o  achieve. In  some materials,  bombardment 
produces a surface layer  of r ad ica l ly  d i f f e ren t  structure overlying 
the  host  c r y s t a l  which affords  useful e l e c t r i c a l  contact t o  the  
lat ter.  
V I .  PROPOSE33 EXPERIMENTAL FACILITY -
It is suggested tha t  as much as possible of the  present r e l a t i v i s t i c  
beam experimental f a c i l i t y  be adapted f o r  t he  ion implantation device. 
In  par t icu lar ,  some of the power supplies, the  vacuum chamber and t h e  
vacuum pumps should be useful.  
ion beam handling f a c i l i t y .  
Figure 1 shows a diagram of the  overa l l  
A gun, which w i l l  be described more f u l l y  
below, produces a 10 kV ion beam of the  pa r t i cu la r  species desired f o r  
implantation. A lens system is used fo r  focusing the  beam. Since there  
a re  l i k e l y  t o  be some impurit ies of d i f fe ren t  mass number i n  the  ion beam 
it is desirable  t o  incorporate a mass separator .  It i s  proposed t o  use 
purely e l e c t r i c  means f o r  mass separation’* because a magnetic mass 
separator i s  qui te  bulky. The def lec t ion  p l a t e s  a re  f o r  f i n a l  adjustment 
of t he  posi t ion of the ion beam. If a sawtooth voltage is applied, then 
the beam can be swept over t he  t a r g e t  area i n  order t o  obtain a grea te r  
implantation uniformity. 
6 .1  Quadrupole Mass - Analyzer -
Use i s  made of t he  time-dependent accelerat ion of an ion i n  a 
high-frequency e l e c t r i c  f i e l d  applied t o  an e l e c t r i c  quadrupole. 
d i s t r ibu t ion  of t he  e l e c t r i c  f i e l d  i n  space is characterized by a purely 
quadratic function of the coordinates. If ions a r e  introduced i n t o  such 
a f ie ld ,  t h e i r  equations of motion lead t o  d i f f e r e n t i a l  equations with 
periodic coef f ic ien ts .  These equations a re  characterized by stable and 
The 
unstable solut ions.  
then a l l  possible t r a j e c t o r i e s  are s t a b l e  and i f  e/M corresponds t o  an 
unstable region i n  the  solution, then a l l  possible  t r a j e c t o r i e s  are 
If e/M of an ion corresponds t o  a s t ab le  region, 
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unstable.  
ex i s t ing  between a set of hyperbolic electrodes as shown i n  Fig. 1. A 
voltage 1 / 2 ( U  + V cos cu t )  is applied t o  the  electrodes marked -I- and a 
voltage -1/2(U + V cos ut)  is applied t o  the  electrodes marked -. 
U is  a dc voltage component. 
This s i t ua t ion  can be rea l ized  by a symmetric quadrupole f i e l d  
Here 
The po ten t i a l  a t  any point (x,y) i s  then 
given by 
u -I- v cos cut  
a2 
and the  equations of motion for an ion a re  
and 
.. z = o ,  
% - -  2e (u + v cos cut)*x = 0 
Ma2 
2e 
Ma2 
j ;  -I-  (u + v cos cut)*y = 0 . 
This leads t o  Mathieu's equation 
d2x --I- (A -I- q cos 2S)x = 0 J 
d12 
where 
25 = c u t  J 
4 e ~  A = -  
Ma2u2 
and 
4 e ~  
Ma2u2 
q = - *  
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There a re  only ce r t a in  regions f o r  t he  parameters h and q f o r  which a 
s t ab le  solution, i .e. ,  a so lu t ion  which is  f i n i t e  f o r  a l l  i n i t i a l  values 
of at, can be obtained. Outside of these stable regions the  so lu t ions  
grow exponentially and the  ions involved are intercepted on the electrodes.  
Thus, t h i s  arrangement of e lectrodes acts as a mass analyzer which l e t s  
ions i n  a mass region M t o  M pass through but  draws a l l  other ions t o  
the  electrodes.  Experimentally, the  electrodes may be approximated by 
four cy l ind r i ca l  rods t o  which the  proper voltage U -I- V cos ut is  applied.  
A s  an example, f o r  a = 1 cm,. V = 1500 V, U = 256 V and M = ~ 6 . 1 0 ’ ~ ~  kg 
(100 AMLS) it turns  out t h a t  u/231 = 1 MHz. 
1 2 
6.2 Ion Source -- 
It is proposed t o  use an ion source t h a t  can produce ions from 
gaseous as wel l  as s o l i d  substances.15 Such a source is  shown i n  Fig. 2. 
There a re  two fi laments needed i n  the  gun. One i s  f o r  heating the  anode 
and the  crucible  containing the  s o l i d  substance from which ions a r e  t o  
be obtained. The other i s  f o r  furnishing electrons.  The electrons s p i r a l  
inside the  anode chamber due t o  the  presence of the  magnetic f i e l d .  
ionizes the gas pa r t i c l e s  and forms a plasma. The pos i t ive  ions are 
This 
withdrawn by the  extractor  e lectrode through the  anode hole. An extract ion 
voltage of approximately 10 kV can be used.’  
- 6.3 Collector 
The co l lec tor  shown i n  Fig. 3 is intended t o  be operated a t  a high 
negative po ten t i a l  so t h a t  the  ions can be given t h e i r  f i n a l  accelerat ion 
up t o  100 kV. A sample holder is mounted inside the  ion co l lec tor .  The 
t a r g e t  can be moved from outside the  vacuum chamber. A r e s i s t i v e  heater  
-11- 
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i s  mounted near the sample holder s o  t h a t  implantation can proceed 
a t  the  proper temperature and t h e  sample can.be annealed a f t e r  implantation. 
A thermocouple is present f o r  monitoring the  temperature. Before the 
sample can be implanted it must be oriented properly. This can be done by 
bombarding the  t a rge t  with a beam of protons and monitoring the r e f l ec t ed  
protons with a N a I  detector  while the  sample is  posit ioned u n t i l  the  
c r y s t a l  axes a re  properly aligned with the ion beam. 
6.4 Overall System -
The vacuum system and chamber proposed t o  be used a re  shown i n  
There a r e  two viewing ports ,  one near the gun end and one Fig. 4. 
on top of the  chamber. 
a re  mounted from the  b i g  flange which has been t h e  co l lec tor  flange i n  the  
REB experiment. 
shown. A d i f fus ion  pump is  included f o r  rough pumping the  chamber and 
maintaining a good vacuum i n  the  ion gun. The ion pump may be opened 
The co l lec tor  and i t s  high voltage connections 
Two vacuum pumps with appropriate valves a r e  used as 
t o  the system when a pressure i n  the Torr range has been obtained. 
A b a l l  valve should be in s t a l l ed  i n  the  channel just  outside the ion 
gun s o  t h a t  t he  gun or the  system can be opened t o  a i r  without a f f ec t ing  
the  vacuum i n  the  other.  It i s  expected t h a t  the  gun w i l l  have t o  be 
opened t o  air frequently- i n  order t o  change fi laments and the  implanting 
material .  Thus the  gun should be readi ly  demountable. 
V I I .  PROPOSED INITIAL WORK 
__. -
F i r s t  the apparatus described above needs t o  be b u i l t .  Outside 
vendors a re  avai lable  t o  do pa r t  of t h i s .  Two sources would be High 
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Voltage Engineering Corporation and Varian Associates. 
have some of the  p a r t s  fo r  the  ion source, while t he  l a t t e r  could 
furnish some of the vacuum components. 
The former may 
A semiclean room should be s e t  up on North Campus t o  s to re  and 
prepare the samples f o r  implantation. The darkrbom we present ly  occupy 
there  should be idea l ly  su i ted  s ince hot and cold water as w e l l  as 
sinks a r e  readi ly  avai lable  and s ince it is outside the  heavily used 
portion of the  work areas .  
After the  samples have been implanted it is  necessary t o  be able  
to do the  following. 
1. Process doped materials t o  des i red  character is t i c s  (annealing, 
multiple doping, preparing samples fo r  spec i f i c  uses) .  
2. Evaluate doped materials (d i s t r ibu t ion  of doping prof i le ,  
charac te r i s t ics  of p-n junctions formed, e t c .  ). 
3 .  Apply appropriate t h i n  layers  t o  ce r t a in  subs t ra tes  f o r  
implantation and apply e l e c t r i c a l  contacts a f t e r  implantation 
evaporator would be needed f o r  t h i s ) .  
(an 
It would be desirable  t o  do as much of t h i s  as possible on North 
Campus close t o  t he  implantation f a c i l i t y  i n  order t o  conserve t i m e  but 
most importantly t o  reduce chances f o r  contamination. 
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